In lactating mammary glands, milk fat is secreted as fat globules surrounded by a cell plasma membrane containing characteristic membrane-associated proteins. Among these, butyrophilin has been shown to be specific and intrinsic to the fat globule membrane, whereas milk-fat globule EGF-factor VIII (MFG-E8) is uncertain. We characterized in the present study MFG-E8 in milk fat globules and in the culture medium of HC11 mammary epithelial cells. MFG-E8 was immunologically detected in the mammary tissues of both pregnant and lactating mice. Double-immunofluorescence staining for MFG-E8 and butyrophilin showed diversity in the MFG-E8-staining intensity among different fat globules in milk. HC11 cells secreted monomeric MFG-E8 with phosphatidylserine-binding activity, despite no fat globules being detected in the cells. This secretion was upregulated by not only prolactin but also by insulin or EGF. These results suggest that milk MFG-E8 was not equally present among fat globules and not necessarily intrinsic to the fat globules.
In lactating mammary glands, milk fat is secreted as fat globules surrounded by a cell plasma membrane containing characteristic membrane-associated proteins. Among these, butyrophilin has been shown to be specific and intrinsic to the fat globule membrane, whereas milk-fat globule EGF-factor VIII (MFG-E8) is uncertain. We characterized in the present study MFG-E8 in milk fat globules and in the culture medium of HC11 mammary epithelial cells. MFG-E8 was immunologically detected in the mammary tissues of both pregnant and lactating mice. Double-immunofluorescence staining for MFG-E8 and butyrophilin showed diversity in the MFG-E8-staining intensity among different fat globules in milk. HC11 cells secreted monomeric MFG-E8 with phosphatidylserine-binding activity, despite no fat globules being detected in the cells. This secretion was upregulated by not only prolactin but also by insulin or EGF. These results suggest that milk MFG-E8 was not equally present among fat globules and not necessarily intrinsic to the fat globules.
Key words: milk fat globule; butyrophilin; PAS6/7; mammary epithelial cell; mammary gland Milk fat globules (MFGs) are lipid droplets secreted into milk by mammary epithelial cells. MFG comprises a milk fat core and surrounding phospholipid membrane originating from the apical plasma membrane of the mammary epithelial cells, and the milk fat is emulsified with the phospholipid membrane in an aqueous phase. This membrane, called the milk-fat globule membrane (MFGM), consists of phospholipids and membraneassociated proteins. 1) Milk fat globule-EGF-factor VIII (MFG-E8) is one of the major MFGM proteins, and its deduced amino acid sequence was first determined for mouse MFG-E8, 2) and subsequently bovine homologue PAS6/7 3, 4) and human homologue lactadherin/BA46. 5) MFG-E8 consists of one or two EGF-like domains followed by two discoidin/C domains.
2) The EGF-like domain contains an RGD motif and interacts with v3 or v5 integrin, while the discoidin/C domains bind to phosphatidylserine [6] [7] [8] and membrane microvesicles. 9) Using mfg-e8-deficient mice, MFG-E8 has been suggested to play a critical role in the clearance of apoptotic epithelial cells during mammary gland involution, in which MFG-E8 works as a connecting molecule between phosphatidylserine exposed on the apoptotic cell membrane and integrins expressed on activated macrophages. 10) Although MFG-E8 is a major MFGM protein, mfg-e8-deficient mice could provide sufficient milk, including fat, for pups. 11) This indicates that MFG-E8 is not essential for milk fat secretion, although it does not necessarily imply the uselessness of MFG-E8 on MFGs. The physiological roles of MFG-E8 on MFGs or in milk are substantially unknown. Human milk lactadhelin is present on MFGM as a complex with mucin in the filaments extending from the membrane, and plays a role in the protection conferred by breast milk against rotavirus infection.
12,13) Bovine milk PAS6/7 has recently been reported to exhibit inhibitory activity toward rotavirus replication in vitro.
14)
MFG-E8 has long been known as a component of MFGM and is believed to be an MFGM-intrinsic protein. 1, [15] [16] [17] On the other hand, it has become evident that MFG-E8 is expressed and secreted without lipid droplets by various cells, including activated macrophages, 10) other than mammary epithelial cells. Moreover, to our knowledge, there has been no study of MFG-E8 being visually detected under a microscope on the surface of MFGs in milk. In the present study, to address the fundamental question of whether or not MFG-E8 is secreted together with MFGs from mammary epithelial cells and is present on the surface of MFGs in milk, we investigated MFGs and MFG-E8 in mammary tissue and collected milk, and also MFG-E8 endogenously expressed by HC11 mammary epithelial cells.
Materials and Methods
Mouse mammary tissue and milk. Virgin, pregnant and lactating Balb/c mice were purchased from Japan SLC (Hamamatsu, Japan). The mice were given laboratory feed (Japan SLC) and cared for according to Nagoya University guidelines for animal study. On each designated date of the pregnant or lactating stage, the mice were killed by cervical dislocation. Mammary tissue was excised from the mice and used for the subsequent immunohistological experiments. Milk samples were collected from the mice on day 10 of lactation, and processed as previously described. 18) Milk was fractionated by centrifuging each milk sample (100 mL) at 10;000 Â g for 10 min at 20 C. The cream layer was collected and washed twice in PBS, and the resulting cream (milk fat globule) fraction was separated from the PBS solution by centrifugation at 10;000 Â g for 10 min at 20 C. The crude whey fraction was further centrifuged twice at 20;000 Â g for * Present address: Department of Biotechnology, Graduate School of Engineering, Nagoya University y To whom correspondence should be addressed. Tel: +81-52-789-4129; Fax: +81-52-789-4128; E-mail: tmatsuda@agr.nagoya-u.ac.jp C, and the residual cream layer and casein precipitate were removed.
Cell culture and conditioned medium preparation. HC11 mammary epithelial cells, 19) which had been cloned as a casein-expressing subline from the COMMA-1D mouse mammary epithelial cell line, which itself had been established from a mouse mammary epithelial primary culture, 20) were kindly provided by Dr. B. Groner (Georg Speyer Haus, Institute for Biomedical Research, Frankfurt am Main, Germany). The HC11 cells were maintained in Dulbecco's modified Eagle's medium (DMEM, 4,500 mg/L of glucose, Sigma) containing 10% fetal calf serum (FCS) and 10 ng/mL of EGF (Sigma). Upon reaching confluence, the cells were cultured in a serum-free medium respectively supplemented with 1 mg/mL of hydrocortisone, 3 mg/mL of prolactin, 3 mg/mL of insulin (Sigma) or 10 ng/mL of EGF (Sigma) for 1-3 d. COS7 cells were transfected with the pEF1 MFG-E8-myc L construct, 9) and stable transformants were established for 2 weeks by drag selection with G418. The MFG-E8-myc stable COS7 cells were then cultured in DMEM supplemented with 10% FCS until confluent and the cells were further incubated in serum-free DMEM with 1 mg/ mL of insulin for 2 d. Each conditioned medium of the cells was then collected after defined periods of the culture and sequentially centrifuged at 1;000 Â g for 5 min, then at 10;000 Â g for 15 min to remove the cell debris, and finally, the supernatant was passed through a 0.2 mm membrane filter. Sucrose density gradient centrifugation and size exclusion chromatography used the conditioned medium of HC11 cells that had been concentrated 35-fold or 50-fold with a Centripuls Ò YM-10 filter device (Millipore, MA, USA). The conditioned medium was similarly concentrated 10-fold for the PS-binding assay.
Immunostaining of the mammary tissue, epithelial cells and milk fat globules. Cryosections were prepared and processed as previously described for immunostaining the mammary tissue. 18) Briefly, mammary tissue was embedded, and sections of 25-mm thickness were prepared. The cryosections were then fixed with methanol, stained with the primary antibody against MFG-E8, and with the Alexa Fluor Ò 488 conjugated secondary antibody (Invitrogen, Carlsbad, CA, USA). Fat globules in the mammary tissue were observed after staining the cryosections with the Nile Red triglyceride-staining fluorescent dye (AdipoRedÔ assay reagent, Lonza, Walkerslive, MD, USA) according to the manufacturer's instructions. At the same time, to identify epithelial cells in the sections, the actin filaments were stained with Alexa Fluor Ò 488-conjugated phalloidin (Invitrogen). HC11 cells for immunostaining were inoculated on collagen type I-coated cover slips and successively cultured in DMEM with 10% FCS until confluent. After changing the medium to DMEM containing several hormones, the cells were further incubated for 2 d. The cells were then fixed with 100% methanol for immunostaining and with 4% paraformaldehyde for direct triglyceride staining with the fluorescent dye at room temperature for 10 min, washed three times with phosphate-buffered saline (PBS), blocked with 2% BSA in PBS at room temperature for 30 min, and reacted overnight with anti-MFG-E8 or an isotype control antibody at 4 C. The cells were then washed with PBS for 15 min and incubated at room temperature with the Alexa Fluor Ò 488 conjugated secondary antibody (Invitrogen) and 100 ng/mL of propidium iodide (Sigma) for 30 min. Finally, the cells were successively washed three times with PBS and once with distilled water, and observed with an IX71 fluorescence microscope (Olympus, Tokyo, Japan).
Milk samples (40 mL) for fluorescence-microscopic observation of MFGs were diluted 1:10 with PBS, and the fat globule fraction collected by centrifugation at 300 Â g for 10 min at 15 C. The fat globule fraction was washed twice in PBS and then separated from PBS by centrifugation at 300 Â g for 10 min at 15 C, the fraction finally being suspended in 100 mL of PBS. The fat globule fraction was then reacted overnight with the anti-MFG-E8 antibody 9) and antibutyrophilin antibody 21) at 4 C and room temperature for 1 h. The reactants were centrifuged at 300 Â g for 10 min at 15 C, washed once with PBS, incubated with Alexa Fluor Ò 568 anti-rabbit IgG and anti-MFG-E8, and Alexa Fluor Ò 488 anti-mouse IgG as already described, and then observed under the fluorescence microscope.
Sucrose density-gradient ultracentrifugation. The condensed conditioned medium from 35 mL of the HC11 culture or 10 mL of mouse milk was layered on a linear sucrose gradient (10% to 70% sucrose in PBS) prepared with a Gradient Mate device (Biocomp, Fredericton, Canada) in a Beckman SW41 tube and then centrifuged at 200;000 Â g for 18 h. Gradient fractions of 900 mL were collected from the top of the tube (12 fractions in total) and subjected to trichloroacetic acid (TCA) precipitation. MFG-E8 in the pellet was then separated by SDS-PAGE and detected by immunoblotting with the anti-MFG-E8 antibody.
Size-exclusion chromatography. The condensed conditioned medium from 50 mL of the HC11 culture was separated in a Sephacryl S-100 HR column (1:6 Â 80 cm, mhe edium from GE healthcare) and eluted with phosphate-buffered saline (PBS) at a flow rate of 1 mL/ min. Each 5-mL eluted fraction was collected, and 1 mL of each fraction was subjected to TCA precipitation, MFG-E8 in the pellet then being separated by SDS-PAGE and detected by immunoblotting with the anti-MFG-E8 antibody. Each fraction for the PS-binding assay was added directly to the PS-coated or control (methanol-treated) wells, and bound MFG-E8 was detected by an ELISA-based PS-binding assay. The exclusion volumes of several known proteins (conalbumin, 75 kDa; ovalbumin, 43 kDa; and ribonuclease A, 14 kDa) were determined by using a gel filtration calibration kit (GE Healthcare UK).
ELISA-based phosphatidylserine-binding assay. The enzyme-linked immunosorbent assay (ELISA) for MFG-E8 binding to solid-phase phosphatidylserine was essentially performed as previously described. 6) A milk sample diluted 1:1000 in PBS or the concentrated culture medium was added to wells coated with phosphatidylserine, and bound MFG-E8 was detected with the anti-MFG-E8 antibody. 18) Unless otherwise indicated, the ELISA values are shown after subtracting the value of the control wells coated with the solvent (methanol) alone.
SDS-PAGE and immunoblotting. SDS-PAGE and immunoblotting were conducted as previously described.
18) The HC11 conditioned medium (1 mL) was subjected to TCA precipitation, and the resulting pellet of total protein was resolved in a 2.5 Â SDS-PAGE sample buffer, before being separated on SDS-PAGE gel and immunoblotted using the rabbit anti-MFG-E8 antibody.
Results

Expression and distribution of MFG-E8 in mouse mammary glands
The stage-dependent expression and localization of MFG-E8 in mammary tissues of virgin, pregnant and lactating mice were immunohistologically investigated (Fig. 1A) . MFG-E8 was undetectable in the mammary tissue of virgin mice, and it became detectable at the gestation stage (the 13th day of pregnancy) around the epithelium of the mammary gland alveolar. The MFG-E8-positive signals in regions other than the mammary duct (panel a) were regarded as MFG-E8-positive cells such as macrophages in the fat pad or lymph nodes of the mammary tissue. On the 4th day of lactation, MFG-E8 signals were observed as globular structures not only around the epithelium, but also at the lumen of the alveolar. To determine whether the globular structures in the lumen were fat globules, the mammary tissue sections were stained with the triglyceride-staining fluorescent dye, Nile Red, together with phalloidin for the actin filaments (Fig. 1B) . The MFG-E8-positive globular structure in the lumen was stained with the Nile Red dye, indicating that this was constituted by fat globules.
The expression of MFG-E8 at several stages of mammary gland differentiation was investigated more quantitatively by protein blotting, using K18 and casein as respective indicators of epithelial cells and milk proteins (Fig. 1C) . The stage-dependent expression of MFG-E8 was nearly parallel to K18 expression, but differed from casein. The MFG-E8 and K18 expression levels per wet weight of the tissue were highest at the gestation stage, while casein was highest on lactation day 4.
Heterogeneity in the MFG-E8 distribution on fat globules in milk
We first immunostained MFGs with anti-MFG-E8 alone, and observed variation in the immunostaining intensity among MFGs (data will be published elsewhere). Based on this observation, we assumed that MFGs might be secreted without MFG-E8. To confirm this assumption, we conducted double immunostaining by using the anti-butyrophilin antibody in addition to anti-MFG-E8. Two typical microscopic views are shown in Fig. 2A (Fig. 2A) . It can also be seen in the merged and magnified view that some MFGs were well stained with the anti-butyrophilin antibody, but not much with the anti-MFG-E8 antibody (Fig. 2C) . A protein blotting analysis for MFG-E8 in the fractionated milk samples showed that a considerable amount of MFG-E8 was present in the milk whey fraction (Fig. 2D) , indicating the presence of MFG-E8 free from MFGs in milk. Although removing the milk fat and casein from milk by centrifugation decreased the MFG-E8 band intensity, it nevertheless amounted to about 80% of that of whole milk, as determined by a densitometric analysis using transferrin, which is abundant in mouse milk, as an internal standard.
MFG-independent secretion of MFG-E8 by HC11 mouse mammary epithelial cells HC11 mouse mammary epithelial cells are known to express and secrete milk proteins in vitro in a manner dependent of lactation hormones. 19, [22] [23] [24] In fact, the HC11 cells used in the present study secreted milk proteins, including caseins, at detectable levels by immunoblotting (data not shown). To examine whether MFG-E8 would be secreted by the mammary epithelial cells independently of MFG secretion, immunoblotting and immunocytological detection of MFG-E8 was attempted for HC11 cells stimulated with several hormones (Fig. 3) . MFG-E8 was constitutively secreted in the medium at a low level without hormonal stimulation, and was clearly upregulated by stimulation with such lactogenic hormones as prolactin and insulin, as well as by EGF (Fig. 3A) . Both the long and short form of MFG-E8 24) were upregulated, especially by prolactin, while insulin and EGF upregulated the short form. Cellular MFG-E8 was also immunocytologically detected in the cells stimulated with insulin, but not with hydrocortisone (Fig. 3B) . As expected, no lipid droplets could be detected by fluorescent staining, even in the hormonally stimulated cells.
Presence of MFG-E8 as a soluble monomer with phosphatidylserine-binding activity in the HC11 culture supernatant According to some earlier studies in 1980, 25, 26) MFG-E8 has long been believed to exist in both the membrane fraction of MFGs and in the defatted milk or milk whey fraction, although almost no attention has subsequently been paid to soluble MFG-E8 in the milk whey fraction. Knowledge about soluble MFG-E8 in milk is therefore limited. 18, 27) In the present study, MFG-E8 secreted from insulin-stimulated HC11 cells was characterized with analyses by density-gradient ultracentrifugation and size-exclusion chromatography (Fig. 4A and B) . The immunoblot of each density fraction from the HC11 culture supernatant showed that the majority of MFG-E8 molecules were present in the two lowest density fractions and some others in the medium density (1.06-1.09 g/mL) fractions, these respectively corresponding to the fractions of soluble proteins and membrane microvesicles. The stained band of about 90 kDa in density fractions 3 and 4 corresponded to an unidentified protein derived from FCS, which was the second most abundant protein after serum albumin in the concentrated culture supernatant (data not shown), while smear signals above the MFG-E8 bands in fractions 1 and 2 remained uncertain. Size-exclusion chromatography also showed that MFG-E8 was eluted mostly in the fractions corresponding to a monomeric form of the protein. Hormonally induced endogenous MFG-E8 secreted from the HC11 cells showed phosphatidylserine-binding activity comparable to that of recombinant MFG-E8 over-expressed by transfected COS7 cells (Fig. 4C) .
Discussion
The membrane proteins constituting MFGM have been investigated by using membrane fractions prepared from milk fat (cream) fractions, 1) but the membrane protein components of individual MFGs have never been analyzed. Milk has been considered as the only source of MFG-E8, except for the human homologue, lactadherin/BA46, in the serum from mammary cancer subjects. However, some cells other than mammary cells have recently been reported to secret MFG-E8, e.g., macrophage and antigen-presenting cells activated with cytokines. [28] [29] [30] Furthermore, such MFG-E8 secreted by activated macrophages has been shown to bind to the plasma membrane of apoptotic cells through phosphatidylserine exposed on the outer leaflet of the cell membrane. 10) These results prompted us to question whether or not MFG-E8 is secreted into milk as an original MFGM constituent.
Based on the microscopic observation of mammary tissue sections from lactating mice (Fig. 1) , MFG-E8 seemed to be present on MFGs secreted into the lumen of the mammary gland alveolar. At the same time, MFG-E8 expression seemed not to necessarily be synchronized with milk synthesis by the localization of MFG-E8 around the mammary alveolar epithelium and a relatively high level of expression in the mammary tissue from pregnant mice (Fig. 1) . To directly demonstrate the MFG-E8 presence on MFGs, MFGs in freshly collected milk were carefully double-stained with antibodies specific for MFG-E8 and butyrophilin (4D4), the latter of which have recognized a conserved sequence in the extracellular domain of bovine and mouse butyrophilin (Nagata et al., unpublished results). The presence of the two major MFGM proteins on the MFG surface (Fig. 2) was clearly visualized for the first time to our knowledge, presenting direct evidence for the membrane localization of these proteins. In addition to the speculation that MFGs are secreted independently of MFG-E8, the presence of butyrophilin-positive, but MFG-E8-negative, MFGs raises another question as to how and for what reason the interaction between MFG and MFG-E8 is regulated in milk.
Mouse mammary epithelial HC11 cells secreted soluble and monomeric MFG-E8 without MFGs (Figs. 3 and 4), suggesting that MFG secretion was not necessarily essential for MFG-E8 secretion, at least in this in vitro model using the HC11 cell line. Furthermore, such hormonally upregulated MFG-E8 secretion by HC11 cells independent of MFG synthesis (Fig. 3 ) may indicate certain physiological roles of the free or unbound form of MFG-E8 in milk, as have previously been suggested by the study on MFG-E8 in milk from involuting mammary glands.
18) It seems interesting to note that the long form of MFG-E8 is dominant in mouse milk and also upregulated by the lactogenic hormone, prolactin (Figs. 2 and 3) , although any functional differences between the two forms remain unclear. A more detailed investigation is required of the dynamic interaction between MFG-E8 and MFG induced during or after secretion. Although the possibility cannot completely be ruled out that MFG-E8 is released from some MFGs during the immunostaining processes, such artifactual washing out is unlikely, because MFG-E8-negative MFGs have also been clearly observed in MFGs paraformaldehyde-fixed immediately after milk collection (Yasueda et al., unpublished results). Consistent with our earlier study, 9) MFG-E8 from a primary mammary cell culture was also secreted partly in a membrane complex form with a density similar to that in milk (Fig. 4A) . Based on these results, we speculate that, unlike butyrophilin, MFG-E8 is first secreted independently or in a membrane vesiclecomplex form, and subsequently interacts with MFGs which have been separately secreted in a butyrophilindependent manner.
31) The presence of annexin Vaccessible phosphatidylserine on the surface of MFGs 11) makes it likely that MFG-E8 with phosphatidylserinebinding ability secreted by mammary epithelial cells (Fig. 4C ) binds with MFGs through the surface phosphatidylserine. A, The conditioned medium (35 mL) from HC11 cells stimulated with insulin was concentrated. The concentrated conditioned medium or freshly prepared mouse milk was fractionated by sucrose density-gradient ultracentrifugation, each fraction being numbered in order from the lowest density fraction (top of the centrifugation tube). Total proteins in each fraction were recovered by TCA precipitation, and MFG-E8 in the pellet was analyzed by immunoblotting. Arrowheads L and S indicate the long and short forms of MFG-E8. The asterisk shows an FCS-derived non-specific band. B, The conditioned medium (50 mL) was collected from HC11 cells stimulated with insulin and then concentrated. The proteins in the concentrated medium were fractionated by size-exclusion chromatography. MFG-E8 and bovine serum albumin (BSA) in each fraction were respectively detected by immunoblotting and CBB staining. Arrowheads show the elution position of each standard molecular-mass protein. C, The phosphatidylserine-binding activity of MFG-E8 secreted by insulin-stimulated HC11 cells was estimated by an ELISA-based assay. The long-form of MFG-E8 (rMFG-E8), expressed as a myc-tagged recombinant protein by transfected COS7 cells and shown in the inset picture, was also analyzed for comparison. Data are shown as the mean AE SD of four assays. The culture medium from the COS7 mock transfectant (mock) was a negative control.
